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sased on the results of experimentation with gas flow, 
@ theory has been proposed that for the case of water, ine 
oreasing the temperature of & gurfece moving relative to 
layer of the flow paet the surface. 

The object of this investigation me to dsetersaine if 
the laainey boundary layer conn be stabilised by heating 
the gurfoce of a veasel in water, and to guin experimental 
evidences as to the practionl applicability of such a method 
of boundary layer control to reduce the frictional resist- 
ance of suzll submerged vessels, 

The method employed to ebtein the necessary informa~ 
tiom consisted of using an electrically heated, copper 
the 8.2.7. towing tank. it was felt that 6 significant 
effect on the stabilizetion of the laminar boumdery layer 
would be apparent im the deley of the ocourence of transi~ 
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tion frow lamizer to turbulent flow. 

Difficulties in providing sufficiently lerge quantities 
of power to the sodel to give 6 relatively high surface 
temperature, amd Giffieuities im determining the exact 
mature of the flow in the unheated condition were ex- 
countered, 

it is felt thet the results obtained from heating the 
surfece of the sodel can be aecounted for by @ pure viscosity 
effect within the limite of preolsion obtainable. Wo ) 
Gefinite conclusions, therefore, aa to the effect of 
heating on the stability of the lasiner boundary layer 
ean be renched, It is recommended that investigation 
of the effect be continued ubilizing methods of experi- 
mentation wherein the characteristics of the flow cen be 
determined and large quantities of power for heating can 
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{. eTRODUCTION 


The magnitude of the frictional resistance of a 
yessel in water depends on whether the boundary iayer 
is laminar or turbulent. The frictionel resistance is 
very much greater when the boundary layer is turbulent. 
Therefore a delay in the transition from laminar to 
turbulent flow might result in a significent reduction 
in the resistance of veseela, perticulerly submerged 
vesselswhose resistance is besionlly frictional ree 
Sistence., Boundary layer control may be most readily 
applied tc email creft such as torpedoes, where exhaust 
gases way be so routed ag to heat the exterior surface 
of the vessel. 

Experimentation 2, 3, 5, 6, 7, 8| and theoretical 
celouletions [3, 4] have shown thet in the case of gas 
| flow, heating the surface of o vessel sdvances the point 
of transition end cooling delays the point of transition, 
The viseosity of sir increases with an inorease in 
temperature, while the viscosity of water inoreases 
with a decresse in teapersature. It is possible, therefore, 
thet the heating of a surface in water may deley the 
transition from laminer to turbulent flow. 

The object of this investigation was to determine 
if transition ean be delayed by heating the surface of 
& vessel in water, Basically this was to be secomplished 
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by observing the reduction of frictional resistance at 
elevated surface temperatures, An appraisal of the 
practicel utility of boundary layer control was the 
primary goal, For that reason a ship model towing tank 
procedure was employed. In selecting this method, it 
was anticipated thet this thesis would be paralleled 

by an investigation of the effect in heated pipes, 
utilizing more easily controlled laboratory conditions, 
it was felt that the results of the towing tank experi-~ 
ment would serve to substantiate the results of the pipe 
experiments and to yield valuable information on the 
practical aspects of the theory since the towing tank 
conditions would more closely approximete the conditions 
that are likely to be encountered in an actual application, 


ii. PROCEDURE 


MODEL DESIGN 


Since the investigation was concerned with frictional 
resistance, the most advantageous model to use in the ex- 
periment would heve been a completely submerged body or a 
friction plane. The M.I.T. Ship Model Towing Tank, however, 
is not at the present equipped with @ towing carriage, 
which precluded the use of anything but ea surface vessel 
which provided its own stability. Thus limited, a model 
was designed with the following aims and limitations: 

1. Minimum residuary resistance was desired, since 
@ large residuary resistance in comparison with the 
frictional resistance, would mask out the variations in 
the latter, RKesiduary resistance increases with increas- 
ing Froude number; hence the model should be run at as 
low a Froude number as possible, 

2. In order to maximize the frictional resistance 
in comparison with the residuary resistance, a large 
wetted surface was desired, 

3. Reference (12) indicates that laminar flow 
becomes unstable at a Reynolds number of approximately 
4,5 x 105, For the purpose of our experiment, it was 
deemed advisable to ensure that the model could be run 
in or beyond the transition region. It was imperative 
that the model could be run at a Reynolds number to give 
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some turbulent flow in the unheated condition. 

4, The beam had to be large enough to provide 
adequate stability and to allow enough space for the 
mounting of the towing bracket inside the model. 

5. The other limitations of the M.1I.T. Ship Model 
Towing Tank were that the maximum length could not exceed 
six feet and that, because of the inertia effect, the 
maximum displacement of the model could not exceed 
epproximately thirty pounds, 

The requirements of being able to run the model at 
@ high Reynolds number to ensure turbulent flow and a 
low Froude number meant that the model should be as long — 
as possible, or six feet in length. Further, the re- 
quirements of (1) also suggested that the bow and stern 
be adequately faired and that the beam be & minimum, 

The beam chosen, 5 inches, was the minimum which would 
meet the requirements of (4%) above, The model would 
be run at the maximum displacement to give a large wetted 
surface, 

The shape of the model hull as finally chosen is 
shown in the eppendix (Fig. XII). Before proceeding 
with the fabrication of the metal model, a wooden model 
of the same shape was built and tested in the towing tank 
in order to see if the desired characteristics could be 
obtained. The curve of Cy versus Keynolds number obtained 
from the wooden model indicated that the turbulent region 
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could be reached with a slight indication of the beginning 
of laminar flow at a Reynolds number of 7 x 105, This 

was considered satisfactory and the fabrication of the 
metal model was started at the Boston Naval Shipyerd, 

The requirements of high thermal conductivity and 


corrosion resistance in water led to the selection of 


copper as the material used, 


The optimum method of heating the surface of the model 
would have been a method for which no external connections 
to the model were required. This is basically because the 
equipment of the M.I.T. Ship Model Towing Tank does not 
include a towing carriage and any external connections are 
likely to introduce variable forces acting upon the model 
that would affect the reliability of the velocity measure~ 
nents, 

In an attempt to avoid external connections, the 
utilization of the heat of fusion of several available 
Salts was considered. The weights required of several of 
the investigated salts indicated that their employment was 
reasonable, Elementary experimentation with these salts, 
however, showed the basic aifficulty with the heat of 
fusion method to be progressive Bolidificetion. This 
process set up varying heat transfer barriers. To eliminate 
these barriers constant mixing would have been required 
and this was considered impractical, 
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Blectrical heating was decided upon sg the only 
practical alternative, This decision was made realizing 
that two important disadvantages of the method would have 
to be minimized. These disadvantages were the use of 
external comnections and possible temperature variation 
along the hull, 

It was decided to base the heat transfer rate calcu=- 
lations on the condition of laminar flow. The heating coil 
arrangement was, therefore, designed on the basis of the 
Pohlhausen equation for flat plates and laminar flow[\]. 
Number twenty AWG Nichrome V wire was selected because of 
its ability to withstand large currents and high tempera- 
tures, The resistance wires were spaced in the model s0 
as to give constant surface temperatures. 

Eleotrical insulation between the copper model and 
the heating wires proved an extremely difficult problem 
because of the high operating temperature of the wire 
and the need for a large heat conductivity through the 
electrical insulation. Experimentation with such materials 
as glass cloth and mica showed that they provided a heat 
transfer barrier that was formidable enough to either melt 
the wire or deterioriate the insulation, "*Insa-Lute” 
(paste No, 1) was selected as the electrical insulation 
material because it showed itself to possess the required 
electrical and heat conduction properties, This material 
was employed by first coating the imner copper hull surface, 


f PEHACOS aaw yatteod Laolautoele 
sovisswrwedia [apitosig 


er Na 


. a GUL ra ee 


(@ 9) 


laying the wires, and then covering the wires with the same 
material, A final layer of hest insuleting asaterial wee to 
be employed to reduce losses to the atmosphere. These 

loses were, however, deemed negligible in comperison with 

the heat transfer to the water and the final leyer wes not em- 
ployed. 

Commecting the electrical heeting coils to the sources 
of electrics] power without introducing error in the towing 
tank measurements demanded much comsiderstion. A survey of 
literature end several interviews provided no indicetion 
that electrical leads had ever been attached to & model in 
& towing tenk that was not equipped with a towing carriage. 
The basic aifficulty was, of course, thet the electrical 
leads would tend to introduce unmeasurable forces thus pre- 
venting accurate determination of the effects of heating. 
It was decided that the wires should enter the sodel 
vertically with a minimoum weight of wire being supported 
by the model, It was necessary to design a cert that could 
be moved slong the side of the towing tank and parallel the 
motion of the model. In order to introduce the wires from 
above the model, & pole was attached to the cart and extended 
to a point directly above the model. The electrical leads 
were rigidly attached to the point on the pole above the 
model and slack in the leads was adjusted by trial and 
error. the external electrical leada were connected to the 
internal system at a three phase binding post that was 
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rigidly attached to the model in the bow section, 

Surface temperatures were obtained from thermocouples 
thet were soldered to the inner surface at three stations. 
These stations were placed respectively along the center- 
line of the bottom at 14.3 inches from the bow, 14.3 
inches from the stern, and amidships. The thermocouple 
leads paralleled the external power leads from the cart 
to the model. The thermocouples were made of constantan 
and copper, and melting ice in water was used for the 
reference temperature, 

The power supply available in the towing tank building 
dictated that three phase power be employed for heating 
the model, considering the estimated amounts of power re- 
quired, The nine heating coils in the model were first 
connected in delta in groups of three coils, It was later 
decided to employ "Y" connection of the coils in order 
to lower the amount of line current for a given power 
input to the model, Voltage regulation was accomplished 
by employing a three phase variable transformer, The 


transformer, thermocouple potentiometer, and other 


electrical measuring equipment were located at the drive 
end of the towing tank. 


The Ship Model Towing Tank at M.I.T. is described 
by M. A. Abkowitz [17] . Briefly, the tank is 108 feet 
long, 8 feet 7 inches wide, and 4 feet deep. The models 
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are Bocelerated by falling weights until the model re- 
sistance is equal to the towing force and travels 
thereafter at constant Speed. The speed of the model 

ig measured by means of electronic instrumentation at 

em idler pulley mounted at the far end of the tank. A 
black anodized sheet-aluminum disk mounted on the 
periphery of the idler pulley has 2,000 uniformly spaced 
radial slits. A light source and a phototube are mounted 
with the slotted disk between them, so that the phototube 
receives a light impulse every time a slit passes the 
center of the optical system, The output of the phototube 
is amplified and transmitted to an electronic counter 


located at the drive end of the tank, The precision 
of the instrumentation provides measurement of the towing 


force to within 0.0001 pounds, and measurement of the 
speed to 0.001 knots, 


The copper model was ballasted to a displacement of 
31.27 pounds which gave a wetted surface of 4.81 square 
feet. A series of runs were then made with the power 
and thermocouple leads not sonnected to obtain the smooth 
hull characteristics, The turbulence was stimulated by 
@ one-half inch wide sanded strip placed on the stem and 
@ one inch wide sended strip placed along the waterline 
on both sides extending aft twelve inches from the stem, 
Next, the wires were attached and runs were made with no 
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heat applied; then with heet applied. Three or four’ runs 
were made with the seme towing force, both heated and un- 
heated, and the recorded speeds were averaged. 

The following observetions were made from these early 
runs; 

1) The expected point of inflection in the ourve of 
Gp versus Ke at a Keynold’s number of about 7x105 indicat~ 
ing the start of trensition to laminar flow either did 
not ocour or was very slight if it did occur. 

2) With the wires attached to the model, consistent 
results could not be obtained below a speed of 1.2 knots, 
indicating that the variable force introduced by the 
attachment of the leads was an eppreciable percentage 
of the towing force at lower speeds. 

The absence of transition was difficult to explain 
since the shape of the copper model was the same as the 
wooden model, and the metal model was considered to be 
smoother than the wooden model. One possible explanation 
wes that the soldered joint connecting the bow to the 
perellel middle body offered a discontinuity to the flow 
and thus tripped the boundary layer into turbulent flow. 
To remove this contingency, melted solder was flowed on 
all portions of the hull in which there appeared to be 
irregulerities. This solder was then scraped down until 
the hull was as free from defects as possible. Afterwards, 
the entire outer hull was buffed and polished to @ mirror 


finish. 


® 


12. 


The friction of the entire towing assembly is of 
the order of 0.004 pounds and is calibrated as a function 
of the model speed. As the speed decreases, the towing 
friction as a percentage of the applied force on the 
weight pans incresses. For example, at 0.25 knots the 
friction of the towing assembly was around 40 percent of 
the applied force for our model. Further, the friction 
has only been calibrated down to a speed of 0.4 knots 
and the friction for speed lower than 0.4 knots must be 
obtained by extrapolation of the friction curve, In 
view of the fact that the results become less reliable 
with decreasing speed, it was advantageous for our 
purposes to bring in cooler water so that a lower 
Reynold's number could be obtained for the same velocity 
of the model. By changing the water in the towing tank, 
the water temperature was reduced from 65 degrees F to 
58 degrees F, 

With these steps taken, a new curve of ©, versus 
Rg was obtained, as is discussed in section IV. Suffice 
to say here that the transition became more apparent at 
@ Reynold's number of 710°. 

in order to obtain consistent results at lower speed 
with the wires attached, a slipe-ring sesembly was designed 
and built so that the power could be introduced into the 
model through cerbon brushes. A drawing of the slipering 
assembly is shown in Figure X. With this device, the 


has ch eel ah exidne oly ‘to moiteint eT 


Sie ar seen Niet te tree 0? 


i iia +i a 
Fo ee Be 2 of 


as | hans to a model wpeee of 0087 knots. 


wb 


ul 


‘7 


Figure L 
Coprer Mover £ Original Woopen ModE . 


Figure r 
Insipe of MopeL 


WITH 
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Figure im : 
Move During Beles kun. 


Figure Iv 
Dewe ENo of Towing JANK . 
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| Figure W 
IwteewaL View or Mooer 
Suowing Arracument or Exrernar Power Leaps . 


Figuee WL 
Hearep Mope. Run Procepure . 
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oe RESULTS 

Pigure VII shows the relationship between C, and Ke 
for the model when towed in accordance with the routine 
towing tank procedure at the indicated water temperatures. 
Pointe are included for the unheated model runs with the 
power leads attached. 

Figure VIII shows the relationship between (, and V 
for the following conditions: 

i. Unheated model with smooth hull at indicated 
water temperatures. 

2. Wnheeted model with smooth hull and power leads 
attached. 

3. Heated model with smooth hull and power leads 
attached at various eversge surfece temperatures of the 
hull. The surface temperstures, end ¥ for @ given 
point are as indicated in Table I. 

Table I gives the experimental results obtained at 
the various points where the effect of heeting was in- 
vestigated. 4%), is the calculated boundary layer tempera- 
ture that would be required to produce the same effect 
as thet which was oxperimentally determined. It is com 
puted on the assumption that the flow past the hull is 
turbulent, and on the basis of Schoenherr's friction 
formulation. Details of this computation are given in 
the appendix. 

Pigure ix shows the relationship between power input 
per degree Fahrenheit temperature difference (between 
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The primary purpose of obtaining the information shown 
in Figure Vil for the saooth and sanded hull wes to establish 
the Keynolds number at which transition from laminar to 
turbulent flow occurred. Once this region was firmly es- 
teblished, the model could be towed ot higher Seynolds 
numbers with the surfece heated, and the effeot of the 
heating on transition noted. 

The region of transition was not apparent from the 
initial tests with a water temperature of about 65°F. 

In general, pust experience with models of similer form 
characteristies would lead one to expect a pronounced 
transition region showing distinctively laminer flow at 
the lower Reynolds number [16]. 

The curve of & for & water temperature of about 58°F, as 
was expected, seperrted from the curve obtained at about 
65°?. in the region where the residuary resistance becaue 
noticeable, This is, of course, explained by the fact 
that et the same Keynolds number, the two runs at different 
temperatures have different Froude numbers, hence different 
residuary resistances. | 

This curve of C, for a water temperature of about 58°F, 
shows © distinct Auf lection in the region of Seynolds numbers 
of 7x105 to 6.52105, However at still lower Reynolds numbers 
the curve of ( rises above the Schoenherr friction curve 
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inetead of tending downward toward the Blasius curve 

ae would be expected in the ease of leminer flew. This 
condition has not been satisfactorily expleined. if 

one assumes thet below a Meynolds muaber of 7x07 the 
flow is essentially lewimar, the high velues of G 

could possibly be eaused by a sharp increase in pressure 
drag due to lawinar separation et the converging section 
of the stern. Attempts to prevent seperation by sanding 
the stern section were unsuccessful. 

Another factor that casts some doubt on the acournay 
ef the results st low Seymolds numbers is the possibility 
thet the friction calibration of the towing equipaent 
at speeds below 0.4 knots any be in error by a considerable 
amount gince it is obtuinmed by extrapolation of the 
meazured friction for speeds of 0.4 knots and above, At 
the lower speeds, friction ie an appreciable percentage 
ef the applied force. 

im apite of the foregoing, there sre indications 
that the flow wae essentinily turbulent throughout the 

renge of deynolds musbers. These indications are the 
| lack of & definite trensition region and the fact that 
the curve of ¢, reming in close proxiaity to the 
Schoenherr turbulent curve even at low ieynolds mumibers, 
it is possible that the apperent inflection in the curve 
of C, at Keynolds numbers of 72105 to 6.5x105 is due to 
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@ Bharp increase in residumy resistance due to wave 
formation. 

Further substantiation of the absence of Leminar 
flew during the heated runs is found in Pigure Th. The 
heat tranafer rate through a turbulent boundary layer 
has been found to be auch greater for the some temperature 
difference and velocity than thet through a laminar 
boundary layer (10) . As showin Pigure IX, our 
ealculated heat transfer rate to the weter (neglecting 
the emall amount of heat being trumeferred to the air) 
is more than twice the rete that we would expect if the 
boundary layer was completely stabilized to laminar 
flew. 

The resulte of heeted rums are plotted in Figure VIII. 
& small but significent change in G, resulted when the 
model surface was heated. 

& Sore significant indication of the effect of 
heating the surface of the model is shown in Table I 
where T,, 18 compared to the average surface temperature 
(Tag). Since 211 but four of the runs show values of 
T, Which ere less than the average surface temperature, 
it appears thet the change in ¢, caused by heating was 
due only to the viscosity change in the boundary layer 
and not to any delay in transition. For the four runs 
in which T, exceeded the average surface temperature, 
the average value of (%, ~ Tag) was 3.7 degrees F., while 
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the maximum value of (Tp, - Tag) was only 6.8 degrees FP, 
Further, these four rune, in general, oecurred at the 
higher speeds where the change of G, With velocity was 
mach larger and the evalustion of the ehange more subject 
to error. Since the determination of I, depended on the 
accurate evaliuetion of the shange in Cp, the possible 
error in 7, increases with an increase in speed. This 
fact, coupled with the expectation thet a such greater 
reduction in resistence would have ocourred if the 
transition to laminar flow hed been delayed, casts 
Goubt on the validity of concluding om the basis of 
these four runs, that the nature of flow past the 
model was changed in any way. | 

Wo definite conclusions can be drawn as to whether 
or not any stabilization of flow took place through 
heating until e more accurate determination of the 
sheracter of flow past the model and the teaperature 
distribution in the sodel hull is accomplished, Sut 
the weight of evidence from our linited data tends te 
by heating was caused only by the verietion in 
Viscosity. 
By way of summary, the identity of the type of 
fiow @round the tested model was not firmly established. 
The effect of heating thet was observed by this method 
of investigation is sost likely chargeable to the 
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viscosity effect. The indications that the transition 
from laminar to turbulent flow was delayed by heating 
were not strong enough to substantiete or disprove the 
effect under investigation, 

it is suggested thet this investigetion be continued 
by another method of experimentation. The applicable 
methods of experimentation include flow through pipes, 
circulating weter channels, propeller tunnels, and 
towing tanks that are equipped with a towing carriage, 
These methods would provide a larger range of Reynolds 
numbers than the range that was available for this 
initial investigation, This investigation was limited 
by large form drag at the higher Keynolds numbers and 
by power lead errors at the lower Reynolds numbers, 
It is felt that any of the ebove listed methods would 
lend themselves to providing power in large quantities 
to heat the surfaces without introducing errors in 
measured forces and speeds, It is also recommended 
that facilities for study of the character of flow be 
incorporated in any of the above types of investigation 
of this subject. 
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earrings an wasbistaetory method for investigating 
the delay of boundary layer transition along a heated 


surface, 
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4 -(e) Propelter | tumele a rk 
| (a) Towing tanks thet are oulinpet with 
@ towing carriage. 
2. Facilities for the study of the character of 
flow should be included in any future investigation, 
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HEATLNG GULL DESIGN 

the heating coil arrengement wee designed on the 
basis of the Pohihausen equation for laminar flow past 
flat plates [11] which provided a relationship between 
longitudinal position aleng the hull and theoretical 
heat transfer rate per unit srea. This enabled the 
Geteruinmation of longitudinel spacing of the wires 
which would theoretically give s constent hull surface 
tempereture. 

fhe design of the heating coil arrengement consisted 
of the following steps: 

le #2 0 AWG Wiehrowe V wire (3-82, WieCr) was 
selected for heeting besed on its ability to withstand 
lerge currents ond high texzperatures. 

2. Starting from the bow,and working aft, e& 
current was selected for each run of wire such thet the 
resultant spacing of the heating wire would be neither 
too close and cause installation difficulties nor too 
fer apart end exaggerete the heeting discontinuity. 

3. With the current selected, and assuming a 
voltage of 110 volts, the length of wire for each 
partiouler run wes ciliculeted, Also the theoretical 
hest output per inch of wire was determined. 
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APPENDIA & 


Ty Calculet Lons 

1. For e given applied forese the velocity of the 
_ Rested end the unhested model were observed. By standard 
towing tenk cplouletions the total resistance coefficients, 
based upon the measured weter teapersture, were computed. 

2. The respective residual reeistance coefficients 
were read off of the previously drew curve of residual 
resistance coefficient versus velocity curve. 

(Figure Xi). ay. 

3. Yaving computed the Reynolds mumber of the une 
heated model run, the frictional resistance coefficient 
was obtained from tables of the Schoenherr Frictional 
Resistence Coefficients versus Keynolds Numbers. (a3] 

4, Hesliging thet the total resistance coefficient 
changes ss the inverse of water density, it was assumed 
that the density remeined constant over the renge in 
water teaperetures between the heated end unheated runs. 
fherefore it was noted thet the difference in totel re- 
sistance coefficients thet were calowleted as indicated 
above were equal to the sum of the differences of the 
residual resistance coefficients and the frictional re- 
Sistance coefficients. 

5. The only unimowm in the reletionship steted in 
(4)was the frictionel resistance coefficient for the 
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heated wodel run. Tt is obtained from that reletionship. 

6 Sntering the tables of the Schoenherr Frictional 
Kesistense Coefficients versus Reynolds Numbers with the 
determined value of frictional resistence coefficient 
for the heeted model run, the corresponding \eynolds 
nuaber was obtained, 

7. Snowing eli the terms in the Keynolds mumber 
except the Kinematic viscosity of the water, sllowed de- 
terminetion of that velue. 

8 Entering the table of Kinematic viscosity versus 
water temperstwre [13] yielded the desired velue of %,. 
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1. The eotual power input per degrees of texpersture 
difference was obtained by taking the celoulated values 
of power input for each heated rum as listed in eolum 5 
oy Table i and dividing these values by the difference 
between the avernge surface teuperature as obtained by 
thermocouple readings and the water teapersture as observed 
by theraoneter. 

2. Substituting the properties of water at 
65.4°F in the Pohlheusen theoretical equation for laminar 
flow past flet plates [111 and combining the results 
with the wetted surface of 4.51 square feet, provided the 
theoretical power input to the model per degree of 
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teaperature difference at any selected value of model 
velocity. 

3. The two relationships that were coleulated as 
indiceted above are plotted for comparison in 
Pigure IX. 


1. With a Simpaon CHA meter the following resistances 
were obtained, 


i $030 

2 7075 

3 7.85 

& 8.80 

5 9-00 

6 750 

? 9.00 

8 11.16 

9 12640 

2. The coils were paralleled in the following groupings: 

GROUP COLLS INCLUDED 

4 2, 3, 8 
it a, 72 9 
tit &e, 5, 6 


3. The equivalent resistance of each of the paralleled 
Groups was calculsted. 


5 
7 j 
Sy 2 
* 3 % h 
; 


4. Por determination of the power input for 
*“%" connection of the groups, the average mensured 
line current squered was multiplied by the sum of the 
group equivalent resistances, 

5 For determinetion of the power imput for 
*Delta”® connection of the groups, the everege measured 
line current squared was divided by the square root of 
three and multiplied by the eum of the group equivalent 
resistances. 

6. The result of (4) and (§5.) above were checked 
with caleuletions using the measured line voltage and 
céloulated line drop. 
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